ABSTRACT Advancements in additive manufacturing techniques, printed electronics, and nanomaterials have made it possible for the cost-effective fabrication of sensors and systems. Low-cost sensors for continuous and real time monitoring of physical and chemical parameters will directly impact the energy-efficiency, safety, and manufacturing challenges of diverse technology sectors. In this paper, we present the design, printing, and characterization of a two-port surface acoustic wave (SAW) integrated on LiNbO 3 substrate. The aerosol jet printer was used for direct-writing of interdigitated transducers for SAW devices with center frequency in the range of 40-87 MHz. The linear response of a temperature sensor based on the SAW design shows promise for direct-writing of environmental sensors on low-temperature substrates.
I. INTRODUCTION
The fast and cost-efficient fabrication of sensors remains a fundamental challenge to impact the application and manufacturing demands of diverse technology sectors. The users of such sensors lie in a diverse set of industries and application areas which continuously seek easy to use, cost effective solutions for monitoring of their assets. An example lies with the current efforts for the monitoring of physical, chemical and atmospheric parameters of interest such as greenhouse gases emissions, methane leaks, stacks' velocity, fuel analysis or air pollution all of which still require sample collection [1] . Within the energy industry, electrical grid assets (transformers, substations, vaults) require monitoring to ensure that they are adequately performing their designed function and to properly maintain the asset to avoid unanticipated failure while in operation. Having inexpensive, robust sensors deployed throughout the facility -or area of interest -may yield operational and financial benefits including: (1) increased reliability and resilience through prevention of catastrophic failures of critical assets, (2) delayed build-out of new transmission and other grid assets through more effective asset utilization, (3) more rapid detection and correction of critical fault conditions, and (4) implementation of condition-based maintenance programs as a substitute for run-to-failure or time-based maintenance.
In this paper, we report on the printing of passive surface acoustic wave (SAW) devices using aerosol jet system. Aerosol jet printing technique offers significant advantages of high resolution features, rapid prototyping, simple process, low fabrication cost, and high-volume production [2] - [4] . The 2D/3D printing capabilities of the aerosol jet concept are attractive for direct-writing of complicated patterns and structures on rigid and flexible substrates. A broad range of devices have been demonstrated using various printing techniques, screen printing, inkjet printing, are examples. For these techniques, the smaller feature size is typically in the range of 20 µm [5] . For this work, the aerosol jet was chosen to print SAW devices due to the high resolution printed feature size. At this stage of development, various printing techniques differ in terms of the resolution or feature size, ink-and substrate-requirements, throughput, and printing stage temperature control.
Surface acoustic wave (SAW) technology offers a broad range of sensors for applications in medical, aerospace, telecommunications, industrial, commercial and automotive sectors [6] - [9] . The typical SAW device configurations FIGURE 1. Generic configuration of a surface acoustic wave sensor combined with other components to form a passive wireless sensor tag system. exploited for sensor applications include bandpass filters, pressure, humidity, and temperature or chemical sensors [6] - [44] . The advanced R&D efforts on SAW device technology are focused on meeting the key challenges of cost, power-consumption, lifetime, footprint, and operation under extreme conditions. Traditionally, SAW devices are fabricated in several stages inside a clean room facility using complicated procedures, like lithography, that include a multistep procedure by special preparation of the piezoelectric crystals, and masks for electrode deposition [10] , [15] , [27] . In this work, we have used aerosol jet system for the direct writing of the SAW sensors on piezoelectric LiNbO3 substrates. The printed SAW sensor is a part of the sensor system described in Fig. 1 . The integrated system has no active electronic components, and it is intrinsically passive (again, no active components such as ICs, battery or power sources), In the ''passive wireless sensor tag'' (PWST) configuration shown in Fig. 1 , an external radio frequency (RF) signal is transmitted from a transceiver and illuminates the SAW sensor. The RF signal interacts with a printed antenna structure, generates an acoustic wave that propagates down the SAW sensor substrate interacting with whatever materials and structures are on the surface. Reflections from the surface structures causes the acoustic wave to propagate back towards the same antenna where it is converted back into an RF electrical signal that is shifted in frequency from the illuminating signal due to the materials and structures that the acoustic wave interacted with.
The present work is focused on the printing of a SAW device and evaluating its frequency response as a function of print resolution achievable with the combination of silver ink and aerosol jet printing.
II. MATERIALS AND PROCEDURES
The rapid evolution of additive manufacturing, 3D printing, have allowed for the mass production of fine features printed electronics. An Optomec Aerosol Jet (AJ) 200 system, Fig. 2 , provides the ability to print fine-feature electronic, structures, onto almost any surface, with feature sizes in the range of 1mm to as small as 10 microns. The printing process is non-contact and conformal, allowing for patterning over existing structures, across curved surfaces, and into channels.
The fine feature option of the AJ 200 system offers two methods for ink aerosol, the pneumatic nebulizer (PA) and ultrasonic atomizer (UA). For this work, the ultrasonic atomizer was used for ink deposition on the substrate. This ink deposition method was selected since it uses less volume of the ink and allows for deposition of inks with smaller nanoparticles size, compared to the PA nebulizer. The ultrasonic transducer produces high-frequency pressure waves through the water bath which are transmitted through the water, to the ink vial wall, and into the atomizer vial. Inside the vial, the ultrasound waves atomize the material into aerosol droplets carried by the transport gas. The aerosol stream exits the atomizer and travels through a delivery tube to the print head where it is deposited on a substrate [45] .
A colloidal solution of silver nanoparticles was used to print conductive features using the AJ 200 ultrasonic atomizer. The colloidal solution selected for this work is EXPT Prelect TPS 50 G2 and was purchased from Clariant. The silver content in the dispersion is slightly less than 50 w% of silver, and <20 w% ethenediol and water to maintain the physical properties of the dispersion. The particle size range in this solution is about 10-100 nm with viscosity of 15cP. Prior to printing the sensors, the quality of the printed films was analyzed.
To deposit the ink on the surface, the AJ 200 aerosol jet system utilizes an inert gas flow (nitrogen) to aerosolize a nanoparticle suspension (ink). Once the ink is aerosolized in the atomizer, it produced a dense aerosol that is transported by the carrier gas to the virtual impactor. In the virtual impactor, the excess gas is removed as well as large droplets. Then, a sheath focuses the aerosol and tightens the beam in the deposition head. Fig. 3 shows a schematic diagram of this aerosol jet process. More details of the ink aerosol process can be found elsewhere [46] .
Using the Clariant ink, a rectangle of 2 mm by 4 mm was printed on polyimide substrate. The sheet resistivity of the printed film was then measured with a four-point probe resistivity measurement (JANDEL Model RM3). The accuracy of the instrument is within 1% across the whole range. This procedure was repeated at various temperatures. The results are shown in Fig. 3 ., The silver film exhibits significantly lower sheet resistance when exposed to 300 • C for at least 30 minutes. Sheet resistance is a metric for the characterization of printer conductor and can be defined as;
where L is the sheet length, w is the sheet width, and R s is the sheet resistance with units of ohms per square ( /square) [47] . Based on the resistivity results using the silver nanoparticle ink, a curing and annealing process was established. After the printing process is finished, the wafer with the freshly printed devices was placed on a hot plate at ∼125 • C for 30 mins as the first curing process. During the first curing process the ink solvent [50] is partially evaporated and the silver film sets on the surface of the substrate. After the first curing process is done, a second annealing process is performed. During the annealing process, the sample is placed on a hot plate set at 300 • C for 30 mins. The hot plate was programed to ramp up the temperature at a rate of 5 • C/minute to reach 300 • C dwell at that temperature for 30 mins and start lowering the temperature down to 50 • C at the same rate.
Further surface characterization of the printed silver film was conducted by atomic force spectroscopy. A total of 9 samples of 1mm 2 were printed varying the overlap of the lines to fill the structure. The printed line width was about 10 µm overlapping the lines by 20%, 50% and 80% to fill the 1mm 2 square. The line overlap can be changed using the VMTools built in AutoCAD feature. After the squares were printed, the samples were exposed to different curing and annealing temperatures to observe the effect of the post printing temperature on the roughness of the film. Based on previous results the samples were exposed to ambient temperature, 125 • C and 300 • C for 30 minutes. After the post printing thermal treatment, Atomic Force Microscopy (AFM), Nanoscope IIIa Digital Instruments, was used to investigate the roughness of the surface of the printed film. Fig. 5 shows the images and scope trace of a 50 µm scanned area of the 9 samples printed with different line overlap and post printing annealing temperatures. This figure shows clearly the effects of temperature on each sample. The 20% overlap samples show how the lines are merging together as the temperature is increased. The scope trace for the 20% overlap samples show uniformity of the surface features, periodic peaks, with temperature. The same behavior is observed for the 50% and the 80% line overlap samples. From this data, it is observed that there is a relationship between overlapping the 10 µm lines and post printing annealing temperatures. As the line overlap and the post printing temperature increases, the roughness of the surface decreases. Fig. 6 shows the calculated root means square surface roughness from the total surface area shown in the AFM images of Fig. 5 . These values were plotted to observe the relationship between surface roughness and post printing temperature. From the figure, it can be observed that the samples printed with 50% overlap of the lines and annealed at 300 • C for 30 minutes exhibited a decreased in surface roughness.
To fabricate SAW sensors, different piezoelectric substrate materials can be used,including, ferroelectric polymer (PVDF), LeadZirconate Titanate (PZT) and Lithium Niobate(LiNbO 3 ). Typical SAW devices operational frequency range is between 5-500MHz. For a 2f 0 transducer design with a given electrode pitch, the frequency synchronous to the transducer layout can be found by:
where V R is the velocity of the acoustic wave mode for a given substrate and crystal, d is the electrode width, assuming metallization ratio of 50%.
To demonstrate the fabrication of SAW sensors by direct printing we used a LiNbO 3 Y-Cut SAW grade wafer with dimensions of 76.2×76.2 mm 2 , and thickness of 0.5-0.6 mm with both sides polished. The wafers were purchased from Precision Micro-Optics. Prior to printing on the substrate, the LiNbO 3 wafer was cleaned. The wafer was placed in an acetone bath and sonicated for 5 minutes, using a Branson ultrasonic cleaner. This was followed by sonication in a methanol bath for 5 more minutes. Finally, the wafers were rinsed with water and air dried.
The schematics of the two port SAW device is shown in Fig. 7 . The first step to fabricate SAW devices by direct printing using the AJ 200 system, is to generate a dxf file of the design (using AutoCAD). Fig. 8 shows the picture of the AutoCAD design including the device measurements. After the AutoCAD file is generated, VMTools is used to create a toolpath (prg file) with the necessary commands needed for the AJ 200 to print the SAW device. For this stage of the work, we used a two port SAW band pass filter designed previously described by Cao et al. [18] . In this case, we chose the rastering, serpentine option overlapping the lines by 50%. The finest features printed using the AJ system are about 10 micrometers. Control over the feature sizes is achieved by optimizing the print parameters such as sheath gas, plate temperature, process speed, and nozzle tip size. By controlling those parameters, feature sizes of about 10 µm and 40 µm were demonstrated by direct printing. During the printing process, the aerosol is generated by the atomization pressure and fed into the deposition print head. In the deposition head, the ink aerosol is surrounded by the sheath gas stream that focuses (control feature size) and accelerates the aerosol to reach the target. Another parameter used to control the printed feature size is the size (um) of the tip of the deposition print head, which can be interchanged. Table 1 describes the parameters used to control the feature size of the IDT electrodes (fingers) of the SAW devices. For efficient printed sensors using this SAW design, well-defined conductive lines of a precise feature size must be printed. To achieve this, the substrate is placed on a heated printing platform at 70 • C. The heat of the substrate aids the ink to dry faster as its being deposited to maintain a well-defined shape. Test lines were printed once the atomization had started. The width of the test lines and quality (continuity) were measured using the alignment camera of the Vision control in the KEWA software. After the printing process was finished, the wafer with the freshly printed devices was placed on a hot plate at ∼125 • C for 30 mins as the first curing process. The curing process allows the ink to dry evaporating the solvent and leaving solid silver features on the wafer. Before measurements, a second curing process was performed at 300 o C for 30 minutes for annealing of the film.
Further surface characterization of the printed SAW device was performed using scanning electron microscopy (SEM). Fig. 10 , shows the SEM, Hitachi S-4700, image of the printed SAW device. The image shows correlation with the AFM images where the rastering effect can be seen in the printed film. The image also shows the fine resolution features of about 10 µm finger size for the interdigitated transducer (IDT). Significant overspray of the ink can be seen around the IDT fingers. Overspray, in combination with the roughness of the printed film can have an effect in the performance of the device.
III. PRINTED SAW SENSORS DESING, TESTING AND ANALYSIS
Initial testing focused on a printed SAW delay line structure. The transducers are designed with 11 finger pairs and a wavelength of 80µm using quarter wavelength electrodes (20µm electrode width). The device delay is 2µs with an anticipated center frequency of the filter of approximately 42MHz. Photomicrographs of the IDT and pad (printed film) are shown in Fig. 9a and 9b , respectively.
For a direct printed SAW device on LiNbO 3 with 10 µm electrode size, it is expected to operate at a center frequency of about 87 MHz, and for a 40 µm electrode size about 30 MHz. After the printing process, spatial variation was investigated for efficient control of metal line-width and spacing. To demonstrate feature control and the performance of the SAW devices, finger of 10 µm and 40 µm were printed on the same wafer. Fig. 11 , shows a picture of the wafer with the direct printed devices. For this specific wafer, the devices labeled 1-3 correspond to finger size of ∼10 µm and varying gap size from ∼5 to 15 µm. The devices labeled 4-6 correspond to a finger size of ∼40 µm and gap sizes of ∼27 to 87 µm, respectively. The control of the size of the IDT fingers is demonstrated by varying the parameters previously described, see Table 1 . Different feature size and gap size affect the central frequency of the SAW device.
As illustrated in Fig. 12 , different finger sizes and gap sizes show different frequency responses. It is shown that decreasing the gap size increases the frequency of the devices in both cases, for the IDT fingers with approximate size of 10 µm and 40 µ m. For example, the frequency can be increased from 70 to 87 MHz in the case of the devices labeled 1 and 3. The same behavior is observed for the 40 µm finger size SAW devices, labeled 4 to 6, where the frequency is increased from 40 to 50 MHz. Some devices, appear shorted due to the contact between the IDT printed fingers. Table 2 provides a summary of these results.
The central frequency of the SAW device is controlled by varying the finger size and/or gap size. These studies demonstrated the capability to control the central frequency of the SAW devices in the same wafer. It also demonstrated the fast prototyping capability of the fabrication of these devices by direct printing. 
IV. PRINTED SAW TEMPERATURE SENSOR
The IDT patterns for the final SAW devices were printed using 20-µm-wide metal lines. This specific design was chosen as it demonstrated the best performance. The frequency of the SAW devices was measured using a network analyzer (Copper Mountain, Model Planar TR1300/1). Precision electrical probes were connected to the IDT and to the network analyzer, Fig. 13 . Testing was performed using a network analyzer which sends an AC sine wave to the IDT. The piezoelectric crystal generates local deformation induced by the AC electric field resulting in the propagation of the surface wave across the crystal. The piezoelectric crystal begins to oscillate with the resonant frequency of the device being a product of the fingers and gap size (equation 3). The measured central frequency of these devices correlates very well with the predicted frequency. For a 20 µm width interdigitated transducer, the predicted frequency of operation is approximately 44 MHz. Fig. 14 presents a comparison of predicted and measured frequency response for the 20 µm width IDT. The predicted frequency was adjusted to match the measured results because it doesn't predict the change in SAW velocity due to a partially metallized surface region in the transducer.
The feasibility of the printed SAW devices for sensor applications was evaluated in terms of the temperature response characteristics. Changes in central frequency as a function of temperature were performed to demonstrate the functionality of the printed SAW devices serving as a temperature sensor. To investigate the temperature effect, the printed SAW devices where placed on a heated probe wafer chuck. The probe was cycled through 30, 40, and 50 degrees Celsius. At each temperature, the center frequency of the SAW device was measured and extracted. Fig. 15 shows the results of this investigation. For a 128 • Y-cut LiNBO 3 the temperature frequency coefficient (TFC) is about 72 ppm/ • C. The experimental results for the printed sensors show a TFC of about 73.7 ppm/ • C, only a 2.36 % difference from the expected value. The measured temperature response of the two port printed SAW devices with 20 µm electrode shows good correlation with the expected TCF value. The temperature response of the printed SAW device validates its functionality as a temperature sensor. The observed performance opens up the path for the co-integration of other printed environmental sensors meeting the cost, performance, and integration demands of diverse technology sectors.
V. CONCLUSION
The rapid fabrication of surface acoustic waves sensors with control of the feature size by aerosol ink jet direct printing is demonstrated. A procedure to fabricate surface acoustic wave (SAW) sensors have been developed. Results from the control of the IDT finger and the gap size demonstrated that the central frequency can be tuned by changing the fingers width and the gap size. The frequency range of the direct printed SAW devices is from 40-87 MHz. Temperature measurements were performed using the printed SAW devices demonstrating the capability to be used to measure such physical parameter. Printed electronics offer the capability to mass produce sensors lowering the cost of their fabrication. In this context, the SAW sensors will provide information of physical and or chemical parameters of a specific location.
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